To evaluate the effectiveness of an egg parasitoid, Trichogramma chilonis Ishii, in suppressing numbers of the diamondback moth (DBM), Plutella xylostella (L.), three types of experiments, the response of T. chilonis to host density within a plant, the response of T. chilonis to host density among plants, and the fluctuation of DBM populations with and without T. chilonis, were carried out in a laboratory and in a greenhouse. T. chilonis attacked more host eggs as their density increased. The number of eggs parasitized was higher and the variation in the parasitism was lower when the number of parasitoids released was larger. However, the number of parasitized eggs per parasitoid decreased as the number of parasitoids released increased. Results of releasing experiments in the greenhouse showed that the behavior of parasitoids toward the DBM eggs is nearly random. A multiple regression analysis suggested that to realize 80 percent parasitism, the release of more than 60 parasitoids per plant is required. The release experiments indicated that T. chilonis has a suppressive effect on DBM density.
INTRODUCTION
The diamondback moth (DBM), Plutella xylostella (L.), is a serious pest of cruciferous crops in many countries including Japan. Cruciferous crops, such as cabbage, cauliflower, turnip and chinese vegetables Brassica spp., are often cultivated in a greenhouse. DBM is the most harmful pest of these crops, because its resistance to insecticides makes it difficult to manage (Ankersmit, 1953; Liu et al., 1982) . The development of alternative methods that do not depend on toxic agents is hence required including biological controls.
Trichogramma chilonis Ishii is an important egg parasitoid of the DBM in the field (Iga, 1985; Okada, 1989) . We have been investigating the possibility of a biological control program for DBM using T. chilonis (Miura, 1992; Miura and Kobayashi, 1993 , 1995 , 1997 , 1998 Miura et al., 1994 Miura et al., , 2001 ). However, the problem remains as to how to utilize T. chilonis against DBM in greenhouses.
Most work on biological control including the use of Trichogramma can still be characterized as "trial and error" (van Lenteren, 1980) . There is a need for biological control to become a fully predictive science aided by fundamental research and theory (van Lenteren, 1980) . Thus, an understanding of the interaction of pests and natural enemies and the construction of a simple model to describe these population systems are very important for predicting the outcome of attempts at biological control. One could then understand the necessary timing and density for the introduction of T. chilonis and determine how to best utilize these against the DBM.
However, experimental studies on the population systems of DBM and T. chilonis have not been reported in detail. In the present paper, I report the results of release experiments in the laboratory and greenhouse to understand interactions between DBM and T. chilonis, in particular whether or not T. chilonis has a suppressive effect on DBM density, to develop a simple simulation model. part of the stock culture at the National Agricultural Research Center for Western Region, which was derived from the original colony introduced from Taiwan (Hirashima et al., 1990) and has been reared on eggs of Ephestia kuehniella Zellar under conditions of 24°C and 16L-8D. Larvae and pupae of DBM were collected from cabbage fields in Kume, Okayama Prefecture, Japan in 1991. The stock culture of DBM was continuously maintained in a cabinet controlled at 24°C and 16L-8D, with cabbage leaves as food for the larvae. Humidity was not controlled. Only moths just after emergence were used in the experiments.
Experiment 1: Response to host density within a plant. Parasitization was performed in a rearing cage (34ϫ34ϫ26 cm) in our laboratory. Potted cabbage plants (cv. Saboy Queen) with 6-7 leaves were prepared for this experiment. A cabbage plant bearing host eggs within 24 h after deposition was inserted into the cage. Then, either 5, 30 or 180 parasitoid females were released into the cage. After exposure for 24 h, the cabbage plants without parasitoids were transferred to an incubator and held for 5 or 6 days. Thereafter the host plants were dissected to count the number of parasitized eggs, which turned black in color. The experiment was conducted under 24°C and 16L-8D.
Experiment 2: Response to host density among plants in the greenhouse. Several density levels of host eggs and released parasitoids were examined in a greenhouse. Although the number of host eggs on each plant was made as equal as possible, this is made difficult by technical problems; eggs of DBM are very small and are deposited as a mass. The number of DBM eggs per plant in each replication varied within a certain range. The number of released parasitoids ranged between 17.1 and 51.7 per plant. Sixteen potted cabbage plants (cv. Saboy Queen) were arranged in a 4ϫ4 lattice in a greenhouse (3ϫ3 m). There was a release point for T. chilonis in the center of the pots. The experiment was performed with a total of 16 replicates. After exposure for 24 h, the cabbage plants were transferred to an incubator under 24°C and 16L-8D. The plants were carried very carefully, because eggs of the DBM frequently drop from the leaves. After 5 days, the numbers of parasitized and unparasitized eggs of the DBM on each plant were counted.
The m*-m method (Iwao, 1968 ) was used to analyze the behavior of the parasitoids released. The value of m* is based on Lloyd's mean crowding (Lloyd, 1967) , which is estimated by the equation m*ϭmϩ(s 2 /mϪ1), where mϭmean density, and s 2 ϭsample variance. The two parameters in Iwao's m*Ϫm relationship, a and b, are characterized by the original author as the "index of contagion" and "density-contagiousness coefficient", respectively.
Experiment 3: Fluctuation of DBM populations with and without T. chilonis. The fluctuation in the DBM population was recorded after releasing DBM females in a greenhouse, with three different levels of initial adult density. Later, a large number of parasitoids was released (Table 1) , and the numbers of the DBM larvae on plants, which indicate the suppressive effect of the egg parasitoid, were counted every two or three days. No parasitoid was released for controls. As eggs of the DBM frequently dropped from cabbage leaves before they turned black, the parasitized host eggs were not counted. The arrangement of the plants and the release point for T. chilonis in this experiment were the same as in Experiment 2. 
RESULTS

Experiment 1: Response of T. chilonis to density of DBM eggs within a plant
The response of T. chilonis to density of the DBM eggs within a plant is shown in Fig. 1 . In every plot, T. chilonis attacked more host eggs as their density increased. The variation of the number of parasitized host eggs among the similar number of host eggs in the same plot decreased as the number of T. chilonis released rose. The number of parasitized eggs per parasitoid decreased as the number of parasitoids released increased.
To understand the expected maximum number of parasitized DBM eggs, the data for each parasitoid density were fitted to Holling's disk equation (Holling, 1959) using the Newton Method (StatSoft Japan, 1999) . The disc equations are presented by yϭaTx/(1ϩabx) (Holling's type II), where yϭnumber of parasitized eggs, aϭrate of a successful search, bϭhandling time, xϭinitial number of host eggs, and Tϭtotal time available for the search. Two responses in plots of 30 and 180 released parasitoids could be approximated by the disc equation. However, I could not estimate the expected maximum number of parasitized eggs in plots of five parasitoids because the value of abx was negative. The expected maximum number of parasitized eggs in plots of 30 and 180 released parasitoids were 166.6 and 200.0, respectively. Figure 2 shows the pattern of distribution of the parasitized eggs in relation to the release point of the parasitoids. Percent parasitism was not always higher on plants near the release point.
Experiment 2: Response to host density among plants in the greenhouse
The artificially produced distribution of DBM eggs in the greenhouse and quasi-natural distribution of parasitized eggs were analyzed using the m*-m relationship (Fig. 3) . The spatial distribution of host eggs showed a uniform distribution (aԼϪ1, bԼ1), reflecting the present experimental treatment. The spatial distribution of parasitized eggs on the uniformly distributed DBM eggs showed, on the other hand, a random distribution for a given parasitized host egg (aϾ0, bԼ1). Analysis of covariance showed that there is no difference in values of b between the distribution of host eggs and that of parasitized eggs (Fϭ2.32, d.f.ϭ1, pϾ0.05) .
Relationships among the rate of parasitized eggs (Y), density of hosts (X 1 ) and density of parasitoids released (X 2 ) were analyzed by a multiple regression. These can be represented as YϭϪ0.384X 1 ϩ 1.563X 2 Ϫ16.876 (r 2 ϭ0.71, pϽ0.01). The formula suggests that to realize 80% parasitism, the release of more than 60 parasitoids per plant is required (Table 2) .
Experiment 3: Fluctuation of DBM populations with and without T. chilonis
After releasing DBM, T. chilonis were released in a greenhouse. The results of Experiment 3 are shown in Figs. 4-6. The DBM passed two or three generations throughout the experiment. In Test-1, with the initial density of DBM females at 0.5 per plant, few moths occurred in the greenhouse even without parasitoid release (Test-1b), hence, no suppressive effect on the DBM population could be recognized in Test-1a (Fig. 4) . In Tests-2 and -3 with one or two DBM females per plant, the population densities of the moth were clearly suppressed by T. chilonis (Tests-2a and -3a), in contrast to an increase of DBM in controls without the parasitoids (Test-2b and Test-3b). The highest densities of DBM larvae observed in Test-2 were 6.1 per plant in plots where T. chilonis were released (Test-2a), and 62.1 per plant in the control (Test2b) . Similarly, the highest densities observed in Test-3 were 14.7 per plant (Test-3a) and 55.9 per plant (Test-3b). Thus, T. chilonis reduced DBM larvae densities down to less than 27% of the control plots.
DISCUSSION
Experiment 1 could be considered to be the response of parasitoids to the density of DBM eggs within a plant after parasitoid arrived on the plant. The number of eggs parasitized was higher and its variation was lower when the number of parasitoids released was larger. The successful parasitism was divided into a hierarchical process of host habitat location, host location, host acceptance and host suitability (Flanders, 1953; Doutt, 1959 Doutt, , 1964 Vinson, 1976 Vinson, , 1984 Vinson, , 1985 Vinson and Iwantsch, 1980; van Alphen and Vet, 1986; Wellings, 1991) . Host location, host acceptance and host suitability are important factors for successful parasitism in the situation of Experiment 1, because of the host eggs within a plant. T. chilonis can oviposit at over 70% of 2-day-old DBM eggs and develop successfully in up to 2.5-day-old eggs at 24°C (Miura and Kobayashi, 1995) . The duration of the egg stage for the DBM is short; ca. 3 days at 24°C. T. chilonis can oviposit over 30 eggs into DBM eggs on the first day after emergence (Miura and Kobayashi, 1998) . In Experiment 1, a T. chilonis female that encountered a DBM egg, would invariably oviposit an egg into it. Thus, the variation in parasitism mainly depended on the probability of a T. chilonis female encountering a host egg on a plant. This probability should increase when the numbers of parasitoids released and host eggs increased. If the number of T. chilonis released was smaller, the possible search areas would become smaller. With few DBM eggs, therefore, T. chilonis may not have a suppressive effect on the density of the DBM, and this might explain the results of Test-1 in Experiment 3.
The predicted maximum number of eggs parasitized increased as the number of parasitoids released increased. However, the number of parasitized eggs per parasitoid female decreased as the number of released females increased. This is likely to be due to the mutual interference among T. chilonis females.
Experiment 2 could be considered to test the host location by parasitoids, which is the behavior of parasitoids among plants after parasitoids were released. Hirose et al. (1976) demonstrated that in field experiments, the percent parasitism among clusters of Papilio xuthus Linne eggs attacked by T. papilionis Nagarkatti was constant irrespective of cluster sizes of 1-8 host eggs. This means that T. papilionis searched out host eggs at random, and host cluster size is a negligible factor when the parasitoid finds a host. The results of the m-m* analysis in the present study showed that the spatial pattern of parasitism was closely related to the host egg distribution of T. chilonis, and that the behavior of parasitoids released to find DBM eggs on plants was nearly random. This also can be understood from the fact that percent parasitism was not always higher on plants near the release point. Also the b value indicates that T. chilonis females tend to attack more than four host eggs on a plant. Miura and Kobayashi (1997) reported that T. chilonis females usually moved at random, and that the rate at which eggs were parasitized increased as the number of parasitoids released rose. The present results are consistent with this.
In Experiment 3, except for Test-1, T. chilonis reduced DBM larvae densities down to less than 10% or 27% of the controls. In Test-2 and Test-3, over 70 individuals of T. chilonis were released, in which about 80% parasitism was expected from the results of Experiment 2. These results correspond to the expected effect of the released T. chilonis. However, in Test-1 of Experiment 3, no suppressive effect of T. chilonis was recognizable. The number released in Test-1 would be expected to cause about 60% suppression of DBM density compared with the control. With few DBM eggs, search areas by T. chilonis would become smaller as mentioned above.
The conditions for Test-2 and Test-3 in Experiment 3, in which there were about 60 host larvae per plant at most, are similar to the maximum occurrence in fields in Japan (Morishita, 1998) . The larval density of DBM is generally about 20 per plant (Okada, 1989; Kajino, 1993; Noda et al., Fig. 6 . Changes in number of larvae of the DBM population in Test 3 (meanϮSE), in which 2.0 DBM females per plant were introduced on the first day. Arrows indicate the introduction of T. chilonis.
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). There would be four larvae left per plant if the density of DBM was originally 20 per plant and the suppressive effect of T. chilonis is assumed to be about 80%. For example, the tolerable larval density of DBM on a cabbage plant was less than 5.0 per plant (Morishita, 1998; Kohno et al., unpublished data) . The expected maximum number of parasitized DBM eggs per plant is about two hundred, from the results of Experiment 1 when the number of females released is 180. A DBM female would oviposit about 200 eggs (Sarnthoy et al., 1989) . Also, there are problems when over 180 females are released per plant because of the cost of parasitoid products. It may be difficult to suppress greater than 80% of the density of the DBM population using only T. chilonis. Miura et al. (2001) reported that T. chilonis with a net-type row cover has a good suppressive effect on the density of DBM. Noda et al. (2000) also indicated that the release of a solitary larval endoparasitoid of DBM, Diadegma semiclausum (Hellen), suppressed the density of DBM. It is advisable to use several control methods for DBM combined with T. chilonis. Yano (1989) conducted simulation studies to analyze factors affecting the population dynamics of the system with the greenhouse whitefly, Trialuerodes vaporariorum Westwood, and the parasitoid Encarsia formosa Gahan. He pointed out that determining the optimal time for parasitoid release is one of the most important factors in the parasitoids introduction. This would be true also in the DBM-T. chilonis system. The age of host eggs would determine the timing of the introduction of T. chilonis. T. chilonis can only oviposit at the egg stage of the host. The longevity of released T. chilonis females is short, probably two or three days (Miura and Kobayashi, 1995) . It is important that the timing of the introduction of T. chilonis would be closely synchronized with the oviposition period of DBM. As daily egg production of DBM shows a peak on the first day after emergence (Sarnthoy et al., 1989) , one has to release T. chilonis when DBM females first invade.
As shown in the release experiments in the present study, T. chilonis has a suppressive effect on the population of DBM, but one has to carefully consider the timing and density of the parasitoid when utilizing T. chilonis.
